The study of the microscopic origin of the slow relaxation modes in the autocorrelation functions of some entangled polymer solutions has recently given rise to much experimental and theoretical work. The aim is to highlight the role of concentration, molecular weight, and temperature on the slow modes and to what extent the entanglement phenomena are responsible for their appearance. The present work reports on the comparison between the dynamics of homologous polymers with different side unit lengths, by use of quasi-elastic light and neutron scattering. The investigation, carried out on both mesoscopic and microscopic scales, with different concentrations and chain lengths, evidenced different dynamical properties in the three polymer solutions. In particular, longer side chains give rise to a bigger volume excluded to the other segments, obstructing the entanglements responsible for the slow relaxation modes and favoring the mobility of segments.
INTRODUCTION
One of the main goals of polymer science is to relate the macromolecular chain structure to the macroscopic properties. The interplay between the physical properties of a polymer chain and its unperturbed dimension was already enunciated by Flory in 1969. 1, 2 In particular, it has been hoped that one could relate the polymer coil size to the entanglement degree. Entanglements are the origin of the high viscosity of semidilute solutions of large polymers, 3 and it has been shown both experimentally [4] [5] [6] [7] [8] [9] and theoretically [10] [11] [12] [13] [14] [15] that they may have a strong influence on the dynamics of concentration fluctuations as probed by Dynamic Light Scattering ͑DLS͒. Recent studies on some semidilute and moderately concentrated polymer solutions revealed that the dynamic structure factor is multimodal and may be separated into two parts, usually called fast and slow modes. An issue of great interest is the recent debate, both theoretical and experimental, over the theory of Wang, 10, 15 which predicts that the slow mode disappears when polymer and solvent have identical partial specific volumes. The early theory of Brochard and de Gennes, 9 later improved by Adam and Delsanti, 16 relates the presence of the slow mode to the nonzero elastic longitudinal modulus of the transient gel constituted by the entangled chains. More recently Wang, using a thermodynamic approach based on the Bearman-Kirkwood equation for a binary solution, found quite similar results to those obtained by Adam and Delsanti, but the slow mode is now connected with the elastic longitudinal modulus of the polymer solution. Moreover in Wang's theory the slow mode contribution is weighted by the factor ␤ 2 , where ␤ ϭc Ϫ1 ‫)‪c‬ץ/ץ(‬ T, P ͑ being the density and c the concentration of the solution͒ is a dimensionless densityconcentration coupling parameter. Even if some experimental findings confirm the role played by the ␤ parameter, the link between the zero value of ␤ and the disappearance of the slow mode contribution is not yet completely clear. 17 In a previous work 18 by our group on PMMA/acetone solutions the conformational and dynamical properties of the polymeric chains as a function of concentration, temperature and molecular weight were investigated. The increase of the diffusion coefficient at low concentration and the fact that its extrapolation to infinite dilution obeyed the scaling law D 0 ϭaM w Ϫ , with ϭ0.57, indicated a swollen state of the polymer molecules, namely the existence of repulsive interactions between monomers. A more striking feature appeared in the semidilute regime in which entanglements cannot be neglected and influence the overall dynamics of the polymer chains. In fact, the autocorrelation functions of these systems showed a net distinction between a fast relaxation mode, attributed to the collective diffusive process, and a broad distribution of slow modes. We hypothesized that, because the slow processes sometimes do not occur in the circumstances in which they are expected, the entanglement effects, which are manifested above a certain minimum concentration and polymer chain length, could also depend on the monomer structure constituting the chain.
The present work, in which we deal with the comparison between the dynamics of polymers belonging to the same family ͓Poly͑Alkyl MethAcrylates͒, PAMA͔ and having a different side unit length, must be inserted in this frame. The new experimental results show that the side unit length, affecting the conformational properties of the polymer, can trigger the appearance of the slow relaxation modes.
PAMA are an interesting class of materials employed in applications in nonlinear optics, holographic data handling, and energy storage. [19] [20] [21] A better understanding of their molecular dynamics and, in particular, the influence of the side chain movements, would improve the relevant properties of materials employed in these fields. Although these polymers have been widely investigated in the melt phase and near the glass transition, [22] [23] [24] [25] less attention has been devoted to their properties in solution, in dilute and semidilute regimes, and to what extent side chain motions are relevant in solution.
In the experimental approach two techniques were employed, Quasi-Elastic Light ͑QELS͒ and Neutron Scattering ͑QENS͒: light scattering allows the investigation of the collective dynamics of the polymers on a micrometric scale and neutron scattering the investigation of the monomer internal dynamics. Moreover, comparing the hydrogenated and partially deuterated spectra, we could determine the components of the experimental spectra originating from the main chain and from the side chain dynamics.
SAMPLES AND EXPERIMENTAL SETUP
In order to evaluate the role played by the monomer structure on the relaxation properties in semidilute polymer solutions, we investigated the first three members of the Polyalkylmethacrylate series. 26 -28 These homologous polymers are PolyMethylMethAcrylate ͑PMMA, -͓CH 2 C͑CH 3 ͒ ͑CO 2 CH 3 ͒] n -͒, PolyEthylMethAcrylate ͑PEMA, -͓CH 2 C ͑CH 3 ͒͑CO 2 CH 2 CH 3 ͒] n -͒ and PolyButylMethAcrylate ͑PBMA, -͓CH 2 C͑CH 3 ͒͑CO 2 ͑CH 2 ͒ 3 CH 3 ͔͒ n -͒; they differ from each other in the number of CH 2 groups each side unit has. The samples used, furnished by the Aldrich Chemical Company, are highly monodisperse ͑the nominal polydispersity is 1.1͒ and have different molecular weights ͑see Table I͒. The solutions were prepared by dissolving a weighted amount of polymer in acetone and were left for a few hours before the measurement in order that they could stabilize. It was also necessary to filter the solutions in recirculation, by means of a PTFE Amicon millipore filter of 0.45 m, to minimize the effects due to the presence of dust or impurities. In order to check if and to what extent the filtration procedure altered the composition of the sample, we also prepared, from a solution having an intermediate concentration value, two couvettes. One was filtered and the other centrifuged. The correlation functions obtained for the two samples gave the same result, the discrepancy being less than 2%. However, because of the fact that the filtered sample allowed for a better determination of the background ͑a lower discrepancy between the measured and calculated baseline͒ we preferred the filtration method.
The investigated concentration range depends on the molecular weight because of the high viscosity of the samples. We collected data on the semidilute solutions usually for 4 or 5 days, repeating the same measurements for different delay times and scattering angles. The results were reproducible providing no evidence of aging effects. QELS measurements were performed by means of a Photon Correlation Spectroscopy ͑PCS͒ technique, using a standard scattering apparatus, described in detail elsewhere. 18, 29, 30 This technique allows one to investigate molecular motions on a time scale ranging from fractions of s to a few seconds; so it is suitable for the investigation of the slow modes. We also used a dual detector system operating in a cross-correlation mode in order to collect data also at fractions of s, without any distortion due to electronic noise. As an exciting source, the 4880 Å vertically polarized line of a unimode Ar ϩ laser was used. Samples were mounted in a thermostat with a temperature control better than Ϯ0.02°C and the temperature was 303 K.
QENS spectra were collected using the time-of-flight spectrometer FOCUS at the continuous neutron spallation source SINQ at the Paul Scherrer Institute ͑CH͒, covering a momentum transfer domain from 0.28 to 1.93 Å Ϫ1 and an energy transfer E 0 ϪE s ϭប ͑E 0 and E s are the incident and scattered neutron energy, respectively͒ in the range between Ϫ3 and 1 meV.
We used an incoming neutron energy of 2.7 meV providing an energy resolution of ⌫ϭ60 eV ͓Full-Width at Half-Maximum ͑FWHM͔͒ which was determined using a standard vanadium plate as a reference. The samples were contained in aluminum cells to obtain liquid samples in the form of 1 mm thick slabs. The thickness was chosen, according to the estimated transmission values, in order to obtain a good scattering signal combined with a minimized multiple scattering. The temperature during the experiment was T ϭ303 K.
An experimental run of the deuterated acetone showed that, when compared with the solution spectra, the solvent contribution can be neglected because of the low scattered intensity. Partially deuterated samples ͑namely with the deuterated backbone͒ were polymerized by Professor G. Maschio and Dr. G. De Domenico, working at the University of Messina, from selectively deuterated monomers furnished by the Aldrich Chemical Company. The comparison with the fully hydrogenated chains having the same polymerization degree allowed us to separate the contribution of the side group in the ester chain, and to characterize the complex dynamics of the polymer chains at the same temperature and different concentration values.
The raw spectra were corrected for background and detector efficiency and normalized using the FOCUS data analysis package NATHAN.
DATA ANALYSIS
It is well known that the PCS technique 31, 32 allows one to measure the correlation function of the scattered intensity I S (Q,t):
If the scattered field obeys a Gaussian statistics, the Siegert's relationship can be applied:
where ␣ is a constant which depends on the experimental set-up and G 1 (Q,t) is the field autocorrelation function. In the time domain typical for a light scattering experiment (у10 Ϫ6 s), that is, for times between the characteristic viscous flow relaxation and the diffusive relaxation over a scale as great as the particle dimension, hydrodynamic interactions can be considered as instantaneous and direct interactions do not affect particle configuration. 33 For diffusing monodisperse spherical scatterers, the intensity-intensity correlation function takes a simple exponential form: G 2 (t)ϭ͗I(Q)͘ 2 ͓1ϩ␣ exp(Ϫ2D c Q 2 t)͔, with D c the collective diffusion coefficient. The latter is defined by the generalized Stokes-Einstein relation D c ϭ(‫ץ‬⌸/‫ץ‬c) T ͓1/(c)͔(1ϪVc), with (‫ץ‬c/‫ץ‬⌸) T ϰ͓S(0)͔ Ϫ1 osmotic compressibility, the frictional coefficient, V the molecule partial specific volume and c the concentration. 6, 34 The concentration dependence of D c gives information about intermolecular interactions. In the dilute regime, in fact, the first order virial expansion can be applied:
The sign and magnitude of the slope, k D , are related to the frictional and direct interactions, by 35
with B and A 2 the second virial coefficients of the frictional interactions and of the osmotic compressibility, respectively. In the very diluted limit, the theory of Brownian motion relates the measured D to the self-diffusion coefficient D 0 , the latter being connected with the hydrodynamic radius, R H , of the particles by the Einstein-Stokes ͑ES͒ relation:
where is the viscosity coefficient of the continuous medium. 31 As a matter of fact, especially at a high molecular weight, the G 1 (t) of polymer solutions consists of a relaxation time distribution. Consequently, the standard cumulant analysis can be used. A fit using the Kohlrausch-Williams-Watts ͑KWW͒ function 36, 37 is frequently employed as well:
where ␤ KWW , which ranges from 0 to 1, is the shape parameter measuring the broadening of the relaxation time distribution. The average diffusive relaxation time is related to
In the dilute region the mean relaxation rates were calculated using both the cumulant expansion and the KWW function, finding the same results, within the experimental error ͑the shape parameter of the KWW has been found to be 0.9Ͻ␤ KWW Ͻ1 in the dilute regime͒.
Above the overlap concentration value c* ϭ3M (N A 4R H 3 ) Ϫ1 ͑where M is the molecular weight and N A is the Avogadro number͒, in some solutions the evidence of the entanglement effect occurs in the presence of two distinct contributions in the intensity autocorrelation function. In the early De Gennes and Brochard theoretical description they showed 9,16 that in the semidilute regime the field autocorrelation function takes the form
where ⌫ 1 ϭD g Q 2 and ⌫ 2 ϭD c /(D g R ); with D c the collective diffusion coefficient ͑already defined͒, D g the diffusion coefficient of the transient gel and R the characteristic lifetime of the network contact points formed by the entangled chains; the latter separates elastic and viscous regimes and depends strongly on the polymer molecular weight. Relation ͑7͒ holds, providing that the viscoelastic response ͑that is, the longitudinal elastic modulus͒ is characterized by a single exponential decay with R as relaxation time. As a matter of fact R have a very broad distribution and this occurrence has been taken into account in the data analysis of the correlation functions using KWW functions instead of simple exponentials ͓see Eq. ͑12͔͒. The faster relaxation mode, ⌫ 1 , is controlled by the equilibration between osmotic pressure and elastic stress and reflects the relaxation ͑Q 2 -dependent͒ of the cooperative motions of the polymer chains forming a sort of network; the slower mode, ⌫ 2 ,i saQ-independent structural relaxation of the network itself and is related to the viscoelasticity of the entangled polymer chains.
QELS measures relaxation processes occurring on a mesoscopic space scale, involving a great number of molecules ͑or monomers in the present case͒; on the other hand, QENS probes the dynamical aspects of the system on a smaller space-time scale, allowing also a selective study of the processes involved by means of the isotopic substitution.
The correlation function formalism 38, 39 provides a powerful and unifying framework for describing the scattering of neutrons from nuclei. In particular, the dynamic structure factor,
which is the sum of both the coherent and the incoherent terms,
reflects collective and individual atomic motions. The differential scattering cross section in principle contains the superposition and interaction of a large number of vibrational, rotational and diffusive modes; for complex systems this implies that the explicit evaluation of S(Q ជ ,)i s very difficult or impossible. However, when the ratio of protons to other nuclei is close to unity, as in the present case, it is mainly the hydrogen atoms of the chains that contribute, and the incoherent spectrum is dominant in the structure factor. The self-dynamic of a hydrogen atom can always be decomposed into a translational contribution, a contribution arising from the motion relative to the center of mass and a contribution due to vibrations. This occurrence leads to the widely used simplification consisting in the decoupling of the different kinds of motions, which are supposed to be uncorrelated. On the basis of this hypothesis, the dynamic structure factor takes the form 40
If the vibrational frequencies are sufficiently high, the expansion of the scattering law for vibrations in powers of ប, in the quasi-elastic region, gives a Debye-Waller factor contribution, exp(ϪQ 2 ͗u 2 ͘), ͗u 2 ͘ being the mean-square vibration amplitude. The Debye-Waller factor reflects the decrease of the total quasi-elastic intensity with increasing Q.
As a matter of fact, whereas the decoupling of vibrational dynamics is usually effective, rotational and translational motions can be so strongly correlated that, even if the decoupling approximation is a very useful working hypothesis, some caution in the interpretation of the data is necessary.
The fit procedure was performed according to I(Q,) ϭS(Q,) Res(Q,)ϩconst, where Res(Q,) is the resolution function as determined by the standard vanadium plate.
RESULTS AND DISCUSSION
In the present study we extend the findings already obtained regarding PMMA/acetone solutions 18, 41 for the other two kinds of polymers and also support them by the QENS results. Figure 1 reports the collective diffusion coefficient evolution versus the weight fraction as obtained by the autocorrelation functions for all the polymers at some molecular weight values, as examples. First, the conformational properties were evaluated in the dilute regime, deriving the size and the interaction character between the chains according to the relations ͑3͒ and ͑5͒. The obtained values are reported in Table I . Since all the three polymers obey the scaling law, D 0 ϭaM w Ϫ , with the scaling exponent varying from 0.57 for PMMA, to 0.55 for PEMA and 0.58 for PBMA, the solvent quality is good for all the three cases.
In the case of PMMA-acetone solutions, we showed that, for molecular weight values ranging from 75000 Da to 800000 Da, the appearance of the slow modes 18 is related to the overlap concentration, w*; as concentration increases, the relative amplitude of these relaxation processes increases too. In Fig. 2 , for example, the correlation function of PMMA 800000 at wϭ4% is plotted. This function clearly shows two contributions and has been fitted using the following relation:
is analogous to Eq. ͑7͒, but here the two simple exponential decays have been replaced by Kohlrausch-Williams-Watts functions to account for the broad distribution of the slow relaxation process. However, whereas ␤ 2 is relatively low ͑0.5-0.7͒, ␤ 1 is close to unity for all the samples.
The results obtained for PEMA with a molecular weight of 850000 Da ͑the polymerization degree is Nϭ7456͒, despite the concentration being well above the overlap value, show that the slow modes are hardly detectable ͑Fig. 2͒. The structural relaxation contribution appears only for very long chains; in fact, for PEMA with a molecular weight of 340000 Da ͑corresponding to a polymerization degree of 4500͒, the slow modes do not appear.
Concerning PBMA, which has the longest side chain, we investigated concentrated solutions ͑above wϭ30%͒ with a molecular weight of 337000 (Nϭ2373). Despite the high concentration, we observe no presence of slow modes ͑see Fig. 3͒ .
These results can be rationalized by introducing the entanglement concentration, defined as the concentration at which polymers become entangled in a good solvent, or the entanglement molecular weight at a certain concentration value. Such values have been calculated according to the following formulas 42, 43 ͑see Table I͒ : ͑i͒ c e ϭ(M /M e ) Ϫ0.76 ; ͑ii͒ M e,w ϭM e /w, M and M e 44,45 being the molecular weight of the polymer and the entanglement molecular weight in the bulk, respectively. In fact, it has been seen 43 that at w* polymer chains could not be in the entangled state. However, in the present case, w* and c e do not differ very much and the solutions investigated in the semidilute regime do reach the entangled state. According to these calculations, at concentrations close to or higher than c e , the slow relaxation mode should be detectable for almost all the samples. Evaluating the entanglement degree in the solutions through M e,w , the calculation at wϭ0.1 ͑as an example͒ yields the following results: M e,0.1 ͑PMMA͒ϭ100000, M e,0.1 ͑PEMA͒ϭ85900, M e,0.1 ͑PBMA͒ϭ122000. Therefore, both methods, independently, indicate that the polymer chains in the investigated solutions are entangled.
The experimental results, however, show that the slow modes are present in PMMA and PEMA solutions, but no evidence of them is found for PBMA solutions. Moreover, the amplitude of the slow component is very different in the three polymer solutions, being much more significant in PMMA. We also measured the value of the Wang's ␤ parameter 10, 15 for all the investigated polymer solutions. The data indicate that ␤ is nonzero at all concentration values, decreasing only slightly ͑about 10%͒ from PMMA to PBMA solutions; in other words polymer and solvent components do not have the same partial specific volumes. This suggests that the appearance of the slow mode is not directly related only to the value of ␤.
In Fig. 4 , the Q-dependence of the fast and slow decay rates of the autocorrelation functions is reported for PMMA and PEMA solutions at a concentration above the overlap value. The results obtained show that the fast relaxation mode is diffusive; it is due to the collective diffusion of blobs. The slow one is Q-independent and can be interpreted on the basis of the structural rearrangements of the polymer transient network.
The comparative investigation of these homologous polymers seems to show that the slow modes are connected to the entanglement phenomena and that the main chain length drives their appearance. On the other hand, the fact that in PMMA solutions these modes have significant amplitude also at concentration near c e and for lower molecular weight than the other investigated polymers suggests the possibility that for PMMA chains the disentanglement phenomenon is more hindered.
In order to focus attention on the chain segmental mobility in the semidilute regime from a microscopic point of view, the investigation was carried out by QENS. The fully hydrogenated and partially deuterated chains allow us to distinguish the side unit's motions and its effects on the main chain dynamics. Figure 5 shows the spectra obtained by subtracting the hydrogenated from the deuterated spectra at different Q values for PMMA with M w ϭ45000. The dynamic, reproduced by the dynamic structure factor, is described by the following fit law: 40, 46, 47 
In particular, F(Q) is the Elastic Incoherent Structure Factor ͑EISF͒ factor, which represents an average of the diffraction pattern produced on the neutron wave by all possible configurations of all the scattering centers. In the present case, only the moving incoherent scattering center ͑a proton͒ is considered and F(Q) is the diffraction pattern on all its possible final positions, namely the Fourier transform of the ''trajectory'' of the proton. The two Lorentzians, whose HWHM are ⌫ 1 and ⌫ 2 , respectively, take into account translational and rotational motions.
As far as the rotational contribution is concerned, it can be shown that, quite generally, the ͑incoherent͒ scattering law of any rotational model can be written as 40
where the broadened terms are usually represented by Lorentzian contributions. The contribution due to the methyl group rotation is so fast that it can be considered indistinguishable from the background.
The relation ͑13͒ is the result of the convolution between a Lorentzian representing the translational contribution and S rot (Q,) for which we considered only the delta function and the first term of the series in ͑14͒. The good fit quality justifies a posteriori such an approximation, as can be seen from an inspection of Fig. 6 , where we report, for different spectra, the fit result together with all the components as obtained adopting the relation ͑13͒. Figure 7 shows the Half-Width at Half Maximum ͑HWHM͒, ⌫ 1 , of the first Lorentzian as a function of Q 2 for two concentration values of a PMMA 45000 solution. The linear behavior suggests a diffusive dynamic of the segments belonging to the main chain. In fact, it is known 48 that for QR g Ӷ1 the decay rate is Q 2 -dependent; for QR g ӷ1 and QaӶ1, a being the monomer dimension, the probe is sensitive to the internal dynamics of the polymer (⌫ϳQ 3 ). Finally for Qaу1 the dynamic is diffusive again. In the present case Qaу1, except for the first two Q values, and according to the model just described, the dynamic of the slower component reproduces the diffusive motion of the chain segments. The comparison between the ⌫ values at different concentrations shows that the dynamic is evidently more hindered because of the topological constraint obstructing the chain mobility.
As far as the second Lorentzian contribution is concerned, ⌫ 2 is Q-independent, suggesting that reorientation of the segments are allowed on a time scale of ϳ3 ps.
In Fig. 8 the diffusive dynamics of the three polymers are reported. The main feature is a clearly stronger concentration-dependence of the segmental diffusion of PMMA chains than that of the other polymers. The comparison between the different polymers at the same concentration value, in our opinion, is reasonable because the volume fraction occupied by the polymer, estimated in the approximation of ideal mixing from density measurements, can be considered roughly the same at the same weight fraction. In order to check the existence of glass transitionconnected effects in the spectra, we made an estimate of the glass transition temperature of the solution, starting from that of the polymer, through the following relation: 45
where T gp , T gs , ⌽ s are the glass transition temperature of the polymer, the glass transition temperature of the solvent, and the volume fraction of the solvent, and kϭ2.5 is a parameter depending on the polymer. All the polymer solutions were investigated well above the glass transition temperature, for example, at wϭ40% T g (PMMA 120000)ϭ239 K, T g (PEMA 850000)ϭ231 K, and T g (PBMA 337000)ϭ223 K. Moreover, the T g values of the solutions between wϭ20% and wϭ40% vary in the same range of about 15 degrees. Figure 9 , therefore, shows that the higher the concentration, the more marked are the differences in the diffusive behaviors of the three polymers. But what is particularly striking is that the PMMA segmental dynamics appear to be slower than those of the other polymers, especially at w ϭ40%, even if the main chain length and the side unit size are smaller. In Table II we report the diffusion coefficient values, related to the segmental motion of the overlapped chains, as obtained from the slope of ⌫ versus Q 2 .
In Fig. 10 the F(Q) factor is reported. In all the cases, F(Q) does not reach the zero value at high Q. This can be due to a certain part of the molecules being unable to reorientate because of both the connected structure of the polymer and entanglement phenomena. Taking into account the two different cases of PMMA and PBMA at two concentration values, it can be seen that, increasing concentration and decreasing the side unit length, the confined region of the motion becomes smaller.
Finally, from an inspection of the Debye-Waller factor ͓identified as A(Q) in the relation ͑13͔͒ of all the systems it is possible to extract a value of the root mean square dis- FIG. 9 . A comparison between the half-width at half-maximum evolutions of PMMA 75000 and PBMA 340000 solutions at the same concentration. placement: It is equal to 0.3 Å, independently from the structure of the polymer or concentration of the solutions. In view of these results, the absence of the slow modes in the autocorrelation functions of PEMA at low molecular weight, and of PBMA, is likely connected with their higher segmental mobility compared with PMMA. This occurrence could be traced back to the obstruction of the chains' overlapping process because of the bigger monomer unit, and, consequently, to the reduction of the effective topological constraints and of the entanglement processes giving rise to the slow relaxation modes.
CONCLUSIONS
The occurrence of the slow modes, as shown in many investigations, and their Q-dependence seem to be a systemdependent phenomenon; this system dependence creates difficulty in providing an all-embracing explanation for their microscopical origin. In the study reported in the present paper on polyalkylmethacrylate solutions we aim to show how the structural and conformational properties affect the chain dynamics in the entangled solutions. The results show that homologous polymers having a different side unit length display considerably different dynamical properties in the semidilute regime. In fact, at concentration values higher than c e the slow modes are experimentally detectable in PMMA and PEMA solutions, but they do not appear in the PBMA solutions. The results from QENS, moreover, suggest a stronger concentration-dependence of the segmental diffusion of PMMA chains than that of the other polymers.
On the basis of these results it seems that longer side chains can give rise to larger excluded volume to the other segments, facilitating local segregation and obstructing the entanglements responsible for the slow relaxation modes. The overall view is an increased mobility of the segments with longer side units.
